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ABSTRACT
The results of two sets of impact experiments are reported within. To assist with model development using the
impact data reported, the materials are mechanically characterized using a series of standard experiments. The first
set of impact data comes from a series of coefficient of restitution experiments, in which a 2 meter long pendulum is
used to study “in context” measurements of the coefficient of restitution for eight different materials (6061-T6 Alu-
minum, Phosphor Bronze alloy 510, Hiperco, Nitronic 60A, Stainless Steel 304, Titanium, Copper, and Annealed
Copper). The coefficient of restitution is measured via two different techniques: digital image correlation and laser
Doppler vibrometry. Due to the strong agreement of the two different methods, only results from the digital image
correlation are reported. The coefficient of restitution experiments are “in context” as the scales of the geometry
and impact velocities are representative of common features in the motivating application for this research. Finally,
a series of compliance measurements are detailed for the same set of materials. The compliance measurements are
conducted using both nano-indentation and micro-indentation machines, providing sub-nm displacement resolution
and µN force resolution. Good agreement is seen for load levels spanned by both machines. As the transition from
elastic to plastic behavior occurs at contact displacements on the order of 30 nm, this data set provides a unique
insight into the transitionary region.
1 Introduction
Impact is a process common to many mechanical systems, both externally in terms of applied loads and internally
in terms of interacting components. Impacts, whether by design or unintentional consequence, have profound effects on
a system’s dynamics including potential nonlinear responses [1], energy dissipation [2], wear [3], and failure [4]. Many
electro-mechanical components contain parts such as gears and pawls that contact one another through normal operation
(and sometimes unintentionally too). This contact serves to dissipate energy in the system via multiple processes such as
plastic flow, dislocation of grain boundaries, fracture of asperities, generation of new surfaces, etc. To model each of these
processes in high fidelity would create a prohibitively large simulation that would prevent design through analysis. One
solution to this problem is to replace the high fidelity, spatially distributed physics of contact with a single degree of freedom
(SDOF) constitutive model [5–9] that captures the effects of contact at the meso and macro scales1. The choice in contact
model, however, can have a profound effect on the design and performance of a system [14].
By necessity, SDOF constitutive models neglect many of the nano-scale (and some of the micro-scale) mechanisms that
dissipate energy during contact or an impact event. Thus, these models must be validated against in-context experiments
to ensure that they accurately predict the phenomenon of interest. The SDOF constitutive model calculates the interfacial
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1For inelastic models, see [10–13] as examples.
force, pressure, and contact area as functions of the interference (contact displacement). These models may be directly
validated using compliance measurements of the force-displacement curves for a material, but it is not immediately obvious
how discrepancies between the model and measured compliance curves affect the models ability to predict dissipation. For
instance, an SDOF model could nearly match the loading portion of the compliance curve and have a small discrepancy in
the restitutive regime, but have higher error in predicting the coefficient of restitution (COR). Conversely, a model could
show very poor agreement for all aspects of the compliance curves but due to the integration over the entire impact event, it
could accurately predict dissipation curves. Therefore both direct (in terms of quantities principally calculated by the model
such as the compliance curves) and indirect (such as derived quantities like the COR) validation metrics are needed.
A limitation of the existing studies of energy dissipation is a lack of experimental validation. The existing literature
on measurements of energy dissipation in elastic-plastic materials is limited and can be divided into two categories: COR
experiments and compliance measurements. The first type of COR experiment is an anvil-based experiments, consisting
of measuring the displacement of a ball dropped vertically against a nominally flat, horizontal anvil. In particular, [15, 16]
studied 5 mm diameter spheres of aluminium oxide dropped from various heights against anvils made out of aluminum
alloy or EN9 steel. A second type of COR experiment is pendulum-based experiments, featuring two spheres suspended
as pendulums that impact each other; typically, one sphere is at rest and the second sphere is given an initial displacement.
Existing studies have used SUJ2 steel [17], and brass, lead, glass, porcelain, and agate [18]. More recently, high velocity
impact experiments were conducted using an air gun [19] that shoots one sphere towards a second. The instrumentation for
COR studies have mostly been digital cameras [15,17,18] operating at 30 frames per second or less. More recent experiments
have used laser interferometry and photo transistors [19], though even these methods are limited in resolution.
Compliance measurements, on the other hand, do not directly measure the energy dissipated, but rather infer it from
the hysteretic measurement of contact force in the loading and unloading of a test specimen [20–26]. These experiments
are conceptually divided into two categories as well: the compression of a compliant sphere by a rigid surface (at least,
rigid compared to the compliant sphere) [23], and the indentation of a compliant surface by a rigid sphere [26]. Theoretical
models in the literature have argued that these two separate cases must be modeled differently [27]; however, other models
have successfully been able to predict both cases with the same model (e.g. [5, 6]).
Impact events are localized, which means that they may be influenced by local properties such as the distribution of
asperities, grain boundaries and dislocations, and material structure near the contact zone. Fortunately, previous efforts
to validate constitutive models have shown that the majority of the response can be captured using bulk properties of the
material [6] (e.g. properties measured at the macroscale, such as the elastic modulus). The influence of local properties, thus,
are hypothesized to be relegated to explaining the variance observed in experimental data. One gap that is present in most
experiments is that an incomplete set of bulk properties is reported for the material specimen. As new contact models require
information that is not thought of as germane in older experiments (such as material hardness), validation becomes a difficult
task.
This paper seeks to bridge this gap by providing multiple sets of information for the specimen tested: material charac-
terizations (§2), COR data (§3), and compliance measurements (§4).
2 Test Specimen and Characterization
In the following experiments, eight different materials are characterized: 6061-T6 Aluminum (Al), Phosphor Bronze
alloy 510 (PhB), Nitronic 60A (N60), Stainless Steel 304 (SS304), Titanium (Ti), Copper (Cu), Annealed Copper (AnCu),
and Hiperco (Hi). The Hiperco was conditioned according to the heat treatment schedule AYA55972. These materials were
chosen to span a range of different materials used in aerospace applications. All material specimen (for both characterization
and experiments) were fabricated from the same source of stock, ensuring that the variability associated with different lots
of material was negated.
2.1 Tensile Testing
Tests were completed on 24 cylindrical tensile samples with specimens comprising three samples from each of the eight
materials (note, however, that results from two of the materials – Cu and Ti – were not available at the time of publication).
All tests were performed using a MTS 22 kip (98 kN) load frame. Data acquisition for actuator stroke, load, auxiliary load,
an external grip LVDT, an extensometer, and time was taken at a frequency of 10 Hz. A typical test setup is shown in Fig. 1.
Modifications to the test setup shown in Fig. 1 were required to accommodate a full tensile pull to failure of the AnCu
specimens. Due to the material’s low yield strength and geometry of the tensile specimen, the first AnCu sample tested
did not complete the test procedure. Instead, failure was observed within the threaded area from plastic deformation of the
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held for 30 minutes; then the oven is heated to 864○C, ±25○C, and held for 2-4 hours; finally, the specimen are cooled at a rate of 140○C, ±50○C, per hour
until 300○C, and any rate thereafter.
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Fig. 1. Typical tensile test setup.
threads resulting in separation of the AnCu sample from the test fixture. To address this, a nut was threaded on and soldered
to each end of the AnCu specimens and a bolt test fixture with washers was utilized for the test, allowing the added nuts to
interface with the washers. This modified test setup was successful, supplementing material properties obtained from the
first run.
Following ASTM E8 standards, a stress rate of 10-100 ksi/min (69-690 MPa/min) was specified, thus a Grip LVDT pull
rate of 0.2 mil/sec (0.0051 mm/sec) was commanded for all tests, allowing each material to fall within the specified range
of stress rate. The commanded stress rate resulted in targeted average stress rate ranging from a low of 24.7 ksi/min (170
MPa/min) for Al to a high of 71.3 ksi/min (492 MPa/min) for SS304. The material properties calculated from the tensile
tests are reported in Table 1.
2.2 Indentation Testing
A standard Rockwell hardness tester was used to measure the indentation hardness of the eight materials on the Rockwell
B scale. Five tests were performed on each sample, for three samples per material. The summary results of the indentation
tests are provided in Table 2.
The AnCu was too soft for measuring the hardness via an indentation test. In what follows, the hardness of the AnCu
is assumed to be a factor of 2.8 times the yield strength, then converted into the units of Brinell Hardness (kgf/mm2), which
gives a Brinell Hardness value of HB = 11.06. This assumption is based on the experimental work and theories developed
by Tabor [28].
2.3 Strain Hardending Exponents
In what follows, the model used for comparison of the experimental results to numerical predictions requires a value
for Meyer’s Hardness exponent, which is indicative of the strain hardening characteristics of the material. As this quantity
was not measured with high confidence, it is assumed to be 2.2 for all materials. In several cases, this assumption is revised
based off of material data sheets from MatWeb, and is noted for each result. These values could be deduced from the results
of calibrating the numerical model to the experimental data; however, this would introduce epistemic uncertainty into the
Material Modulus (GPa) Yield Strength (MPa) Ultimate Strength (MPa)
6061 Aluminum 71.47 353.70 375.70
Annealed Copper 102.76 38.75 218.65
Copper∗ 117.2 68.9 —
Hiperco 225.69 208.91 392.08
Nitronic 60 171.03 357.37 713.53
Phosphor Bronze 99.23 370.25 399.21
Stainless Steel 304 187.02 331.72 713.54
Titanium∗ 116.00 480.00 —
Table 1. Material properties from tensile tests. ∗: Note that the tensile test data for both Copper and Titanium was unavailable at the time of
publication, and the material properties are provided by the stock manufacturer.
Material
Average Hardness, Average Hardness, Standard Deviation,
Rockwell B Brinell Brinell
6061 Aluminum 59.49 99.36 2.06
Annealed Copper∗ — — —
Copper 44.03 86.76 0.74
Hiperco 95.14 211.14 5.25
Nitronic 60 90.25 186.93 5.59
Phosphor Bronze 81.63 158.80 8.78
Stainless Steel 304 93.36 206.91 18.33
Titanium 109.26 230.16 3.53
Table 2. Measured indentation hardness for the specimen. ∗: Note that no hardness value was measured for the Annealed Copper due to
it being too soft for the indentation machine used.
values reported and is thus not done in the present analysis.
3 Coefficient of Restitution Experiments
A pendulum-based setup was chosen for the COR study in order to provide a high degree of resolution in impact
velocities. With a long enough pendulum arm, effective drop heights (i.e. the equivalent of a vertical drop experiment) of
less than a millimeter are possible, whereas such small drops would be difficult with a vertical drop experiment. For instance,
in [15], drops from a height of no less than 25 mm were able to be measured accurately. One challenge that existed with
the pendulum method, though, was minimizing the out-of-plane motion of the pendulum due to effects such as air currents
within the lab, imperfect releases, etc. To address this, a sliding stage test stand was utilized, as detailed below, and a vacuum
chuck powered by a compressor was used to minimize rotational motion upon release of the sphere for a test.
3.1 Pendulum Details
The longest pendulum achievable within the laboratory had an arm length of 2.189 m, which produces a pendulum
with a period of approximately three seconds (Fig. 2). For comparison, the pendulums used in [17] are less than 40 cm in
length. With a pendulum that is 2.189 m long, small horizontal displacements of the release point allow for a high degree of
resolution in changing the impact velocities.
The pendulum itself consists of a 440c Grade 100 Wear Resistant Stainless Steel (hereafter referred to as 440c) sphere of
radius 1.1125 cm that impacts the test specimen, and is attached to a support structure by a thin wire that is threaded through
Vacuum Chuck
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Fig. 2. Experimental setup for the pendulum-based COR tests.
a hole drilled into the center of the sphere (this wire is highlighted by black lines in Fig. 2 to make it visible). Assumed
properties for the 440c sphere are given in Table 3. To minimize frictional losses, the pendulum wire is supported by razor
edges. By having the wire setup to support the sphere at two point, this was found to help reduce out-of-plane motion.
Additionally, as the wires are made out of copper, it was possible to construct an electrical circuit from the wires through the
sphere to the test specimen to measure contact duration.
3.1.1 Specimen Mounting
The first generation of the test stand involved the specimen being attached to a large mass such that m f ≫ms (with m f
being the mass of the specimen and fixture, and ms being the mass of the sphere). While this setup provides consistent data,
early versions of it exhibited out-of-plane motion for the highest impact velocities that caused error in the calculation of the
COR. Thus, a sliding stage was introduced such that the sphere can swing freely for a number of periods in order to dissipate
out-of-plane motion. As shown in Fig. 3, the puck was mounted on a steel plate that was fastened to an L-Bracket attached to
a crossed-roller bearing stage. Immediately before an impact, the stage was able to be slid and locked into place, providing
a rigid fixture. To assess this assumption of rigidity, laser Doppler vibrometry (LDV) was used to measure the motion of the
fixture across an impact event. Results indicated that the assumption was valid as the motion of the fixture was near the noise
threshold of the LDV.
Property Value
Elastic Modulus 205 GPa
Poisson’s Ratio 0.29
Density 7800 kg/m3
Brinell Hardness 600 kgf/mm2
Radius 1.1125 cm
Table 3. Assumed properties of the 440c Grade 100 Wear Resistant Stainless Steel sphere used in the COR experiments.
Fig. 3. Close-up of the impact location and the experimental setup for the COR experiments.
3.1.2 Data Acquisition
Data was acquired primarily through digital image correlation (DIC), though some data was also acquired through
LDV to confirm the accuracy of the DIC measurements. Two Phantom v7 cameras were used in the DIC setup, providing
framerates at 1000 frames per second (contrasted with the 30 frames/second resolution in [17, 19] and the stroboscopic
approach used in [15, 18]). In order to provide illumination sufficient for the DIC method, four LED flood lights were used
to evenly illuminate the sphere during its travel. For details about DIC, refer to [29–31].
Contact durations were recorded for each impact by passing a current through the pendulum wire, and recording this
current on the block. The circuit was insulated from the table using a Mylar sheet between the stage holding the puck and the
optical table and bolted down using nylon bolts. A copper coil is wrapped around the puck, so that the circuit is closed at the
start of impact, and is opened at the end of impact. The circuit’s current is recorded directly on the data acquisition device.
Typical impact times are on the order of 100 micro-seconds, too short to record in high resolution using the DIC cameras,
but within the accuracy of the acquisition hardware.
3.2 Measured Coefficients of Restitution and Impact Times
The results for the eight materials tested are displayed here both in terms of the COR and the contact durations (where
available). The COR is experimentally measured as the ratio of the magnitude of the velocity of the sphere after an impact
to the magnitude of the velocity of the sphere before an impact. From the COR equations
v+s = msv−s +m f v−f +m f e(v−f −v−s )ms+m f (1)
v+f = msv−s +m f v−f +mse(v−s −v−f )ms+m f , (2)
where v− indicates the velocity immediately before an impact, v+ indicates the velocity immediately after an impact, e is the
COR, and subscripts s and f indicate the sphere and fixture respectively. With v−f = 0,
v+s ≈ −ev−s (3)
and
v+f ≈ 0 (4)
for non-high speed impacts.
Each specimen is impacted only once at one of nine locations on its surface, ensuring that no residual effects from
previous tests were present. Thus, multiple specimen of each material were used in the experiments. As the slide method
was implemented part way through the experimental testing, it is noted throughout when the slide method was used to gather
the data. Additionally, for the COR study, comparisons are made to the model of [6] to highlight the trends observed in the
data.
3.2.1 Aluminum 6061
All 12 drop heights3 were tested without using the slide stage; impact was directly after release. Overall, the model [6]
slightly over-predicts the measured COR (Fig. 4) and underpredicts the contact duration (Fig. 5), but accurately predicts the
trends observed in the data. A Meyer’s Hardness of 2.2 was assumed for the predictions.
3.2.2 Annealed Copper
All nine drop heights were tested using the slide stage. Impact occurred after the ball swung for approximately five
minutes. Excellent agreement between the measurements and the model [6] was observed, as shown in Fig. 6. A Meyer’s
Hardness of 2.2 was assumed for the predictions. No data for the contact duration is available.
3.2.3 Copper
In order to demonstrate the effects of heat treating on the dissipation characteristics of common metals, a small number
of experiments on the Cu pucks that were not annealed were performed. Four drop heights were tested using the slide
stage. Impact was after the ball swung for approximately five minutes. Good agreement between the measurements and the
model [6] were observed. A Meyer’s Hardness of 2.1 was assumed for the predictions. No data for the contact duration is
available.
3.2.4 Hiperco
All nine drop heights were tested using the slide stage. Impact occurred after approximately five minutes. Excellent
agreement is observed between the measurements and the model [6] for both CORs (Fig. 8) and contact durations (Fig. 9).
A Meyer’s Hardness of 2.1 was assumed for the predictions.
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Fig. 4. Aluminum 6061 measured COR. Red x: DIC; Black : LDV; Blue curve: [6].
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Fig. 5. Aluminum 6061 measured contact times. Red x: measurement; Blue curve: [6].
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Fig. 6. Annealed Copper measured COR. Red x: DIC; Black x: LDV; Blue curve: [6].
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Fig. 7. Copper measured COR. Red x: DIC; Black x: LDV; Blue curve: [6].
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Fig. 8. Hiperco measured COR. Red x: DIC; Black x: LDV; Blue curve: [6].
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Fig. 9. Hiperco measured contact times. Red x: measurement; Blue curve: [6].
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Fig. 10. Nitronic 60A measured COR. Red x: DIC; Black x: LDV; Blue curve: [6].
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Fig. 11. Nitronic 60A measured contact times. Red x: measurement; Blue curve: [6].
3.2.5 Nitronic 60A
All 11 drop heights were tested without the slide stage. The COR data near 10 mm/s was not consistent and an additional
13 tests were conducted about impact velocities of 10 mm/s using the slide (Fig. 10). Good agreement between the model [6]
and measurements was observed, especially for the contact times (Fig. 11). A Meyer’s Hardness of 2.2 was assumed for the
predictions.
3.2.6 Phosphor Bronze
All 11 drop heights were tested without the slide stage; impact was directly after release. Overall, the trends of the
measurements and model [6] agree in Figs. 12 and 13, though the model over-predicts the COR (Fig. 12). This is partly
attributable to the large specimen-to-specimen variability observed in terms of mechanical properties; the standard deviation
of the Brinell Hardness is 9 kgf/mm2, the standard deviation of the Elastic modulus is 19 GPa, and the standard deviation of
the yield strength is 10 MPa. A Meyer’s Hardness of 2.2 was assumed for the predictions.
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Fig. 12. Phosphor Bronze measured COR. Red x: DIC; Black x: LDV; Blue curve: [6].
3.2.7 Stainless Steel 304
All 11 drop heights were originally tested without using the slide stage. The data for impact velocities near 10 mm/s
were not consistent; therefore an additional 12 tests were conducted using the slide stage with the results reported in Fig. 14.
Excellent agreement is observed between the experiments and the model [6], though the contact times (Fig. 15) are slightly
under-predicted. A Meyer’s Hardness of 2.25 was assumed for the predictions.
3.2.8 Titanium
All eight drop heights were tested using the slide stage. Impact was after the ball swung for approximatley five minutes.
For the COR measurements, the model [6] significantly over-predicts the measuremed CORs (Fig. 16), and slightly under-
predicts the contact times (Fig. 17). This is most likely due to incorrect material properties as the values in Table 1 are
provided and not measured. A Meyer’s Hardness of 2.2 was assumed for the predictions.
3Note, multiple tests are conducted at each drop height.
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Fig. 13. Phosphor Bronce measured contact times. Red x: measurement; Blue curve: [6].
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Fig. 14. Stainless Steel 304 measured COR. Red x: DIC; Black x: LDV; Blue curve: [6].
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Fig. 15. Stainless Steel 304 measured contact times. Red x: measurement; Blue curve: [6].
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Fig. 16. Titanium measured COR. Red x: DIC; Black x: LDV; Blue curve: [6].
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Fig. 17. Titanium measured contact times. Red x: measurement; Blue curve: [6].
4 Compliance Measurements
In contrast to the COR measurements, which ultimately provide only two data points (the COR and contact duration)
for each impact, the compliance measurements result in high resolution force-displacement curves for each contact test.
4.1 Micro- and Nano-Indentation Machines
Characterization of all samples was performed using micro- and nano-indentation machines [32], shown in Fig. 18. The
micro- and nano-indentation machines were designed to measure the compliance and hardness of samples with accuracy on
the order of approximately one nm in displacement and 0.1 mN in force (the measured noise threshold of the device was on
the order of 10 µN and 0.01 nm). The measurements were made using an indenter fixed to the end of a pendulum, which
was actuated using a voice coil motor to impact the sample a single time before being recaptured by the electromagnetic
forces from the voice coil motor. The samples themselves were held on a robotic stage (Fig. 19), which lets the system be
automated to allow for batches of experiments to be queued, resulting in a large number of measurements being made in
order to quantify the uncertainty and variability in the measurements.
Each sample indentation had a 30 second load and unload time with a five second dwell at the maximum load, and a 30
second dwell at 90% unload in order to quantify the thermal drift in the measurements. The raw data exhibited inconsistencies
due to thermal drifts, and was also convoluted by the compliance of the machine fixture. For these reasons, it was necessary
to apply corrections to the raw data.
4.1.1 Data Corrections
Indentation curves were not included in the results if their maximum displacement was more than two standard devia-
tions from the mean of the maximum displacement of corresponding indentations. A scaling factor was applied to the raw
displacement values to correct the force inconsistency due to the compliance of the two fixtures being convoluted with the
measurements. In effect, the scaling factor ensured that the slope of the data at low displacement values was approximately
the same across all measurements, as is expected. The data for the 250 mN peak load experiments was used as the reference
data as these measurements were conducted on both the micro-indenter and nano-indenter and were closest to the theoretical
predictions of [6]. The scaling constant was determined from calibration experiments for each indenter, and more details can
be found in [32].
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Fig. 18. Close-up view of the micro- and nano-indentation machines.
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Fig. 19. View of the sample and fixture within the micro-indentation machine.
4.1.2 Indenters
Two different indenters were used for measuring the compliance curves: a 440c indenter of diameter 3.175 mm, and
a Sapphire indenter of diameter 3.155 mm. These two indenters were chosen in order to assess the effects of the indenter
hardness on the measurement conditions. Typically, the indenter was assumed to be rigid as its hardness was orders of
magnitude greater than the test specimen; however, recent research has demonstrated that the hardness of the indenter affects
the measured compliance curves [6]. The material properties of the 440c indenter are given in Table 3, and the properties of
the Sapphire indenter are given in Table 4
Property Value
Elastic Modulus 370 GPa
Poisson’s Ratio 0.22
Density 3980 kg/m3
Brinell Hardness 1740 kgf/mm2
Table 4. Assumed properties of the Sapphire sphere used in the compliance experiments.
4.2 Measured Force-Displacement Compliance Data
The results for the eight materials tested are reported here for indentation via both the 440c sphere and the Sapphire
sphere. For all samples, six load levels were used: 25 mN, 100 mN, 250 mN, 1 N, 5 N and 10 N. To assess the uncertainty in
the measurements, nine indentations were made at each load level for each sample. Due to the large volume of data collected,
comparisons to models are omitted for the compliance study in order to focus solely on the measurements. For comparisons
to a subset of this data, refer to [6].
4.2.1 Aluminum 6061
The compliance measurements for the Al samples are shown in Fig. 20 for indentation via the 440c sphere, and Fig. 21
for indentation via the Sapphire sphere. For the 440c sphere results, evidence of thermal drift at the 90% unload point is
evident in one of the measurements at the lowest load tested (Fig. 20(a)). As well, evidence of thermal drift at the peak load
is observed in several of the tests at the highest load tested (Fig. 20(f)). Results for both the 440c sphere and Sapphire sphere
are shown to be very repeatable.
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Fig. 20. Compliance measurements of 6061 Aluminum indented by the 440c Grade 100 Wear Resistant Stainless Steel sphere for peak
loads of (a) 25 mN, (b) 100 mN, (c) 250 mN, (d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
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Fig. 21. Compliance measurements of 6061 Aluminum indented by the Sapphire sphere for peak loads of (a) 25 mN, (b) 100 mN, (c) 250
mN, (d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
4.2.2 Annealed Copper
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Fig. 22. Compliance measurements of Annealed Copper indented by the 440c Grade 100 Wear Resistant Stainless Steel sphere for peak
loads of (a) 25 mN, (b) 100 mN, (c) 250 mN, (d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
The compliance measurements for the AnCu samples are shown in Fig. 22 for indentation via the 440c sphere, and
Fig. 23 for indentation via the Sapphire sphere. Significant variation is observed in the low load tests with the 440c sphere,
particularly at the lowest load (Fig. 22(a)). Less variation is observed in the Sapphire sphere measurements at low loads;
however, significantly higher variation is observed at high loads, particularly at the highest load tested (Fig. 23(f)). This is,
perhaps, due to thermal drift issues during testing.
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Fig. 23. Compliance measurements of Annealed Copper indented by the Sapphire sphere for peak loads of (a) 25 mN, (b) 100 mN, (c) 250
mN, (d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
4.2.3 Copper
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Fig. 24. Compliance measurements of Copper indented by the 440c Grade 100 Wear Resistant Stainless Steel sphere for peak loads of (a)
25 mN, (b) 100 mN, (c) 250 mN, (d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
The compliance measurements for the Cu samples are shown in Fig. 24 for indentation via the 440c sphere, and Fig. 25
for indentation via the Sapphire sphere. A similar trend as for the AnCu samples is observed: higher variability is observed
in the low peak force measurements for the 440c spheres compared to the Sapphire spheres, and lower variability is observed
for the high peak force measurements of the 440c spheres compared to the Sapphire spheres.
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Fig. 25. Compliance measurements of Copper indented by the Sapphire sphere for peak loads of (a) 25 mN, (b) 100 mN, (c) 250 mN, (d) 1
N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
4.2.4 Hiperco
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Fig. 26. Compliance measurements of Hiperco indented by the 440c Grade 100 Wear Resistant Stainless Steel sphere for peak loads of (a)
25 mN, (b) 100 mN, (c) 250 mN, (d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
The compliance measurements for the Hi samples are shown in Fig. 26 for indentation via the 440c sphere, and Fig. 27
for indentation via the Sapphire sphere. In contrast to the previous data sets, the Hi samples exhibit a larger variability at
low peak loads for the Sapphire sphere indentations than for the 440c sphere indentations. For the tests at high peak loads,
a similar level of repeatability is observed for both indenters, though the 440c sphere measurements exhibit evidence of
thermal drift for the highest peak loads (Fig. 26(f)).
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Fig. 27. Compliance measurements of Hiperco indented by the Sapphire sphere for peak loads of (a) 25 mN, (b) 100 mN, (c) 250 mN, (d) 1
N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
4.2.5 Nitronic 60A
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Fig. 28. Compliance measurements of Nitronic 60 indented by the 440c Grade 100 Wear Resistant Stainless Steel sphere for peak loads of
(a) 25 mN, (b) 100 mN, (c) 250 mN, (d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
The compliance measurements for the N60 samples are shown in Fig. 28 for indentation via the 440c sphere, and Fig. 29
for indentation via the Sapphire sphere. The 440c sphere indentation measurements are observed to exhibit more variability
for the lowest peak force tested than the Sapphire sphere indentation measurements. All other loads tested exhibited similar
repeatability for both indenters.
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Fig. 29. Compliance measurements of Nitronic 60 indented by the Sapphire sphere for peak loads of (a) 25 mN, (b) 100 mN, (c) 250 mN,
(d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
4.2.6 Phosphor Bronze
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Fig. 30. Compliance measurements of Phosphor Bronze indented by the 440c Grade 100 Wear Resistant Stainless Steel sphere for peak
loads of (a) 25 mN, (b) 100 mN, (c) 250 mN, (d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
The compliance measurements for the PB samples are shown in Fig. 30 for indentation via the 440c sphere, and Fig. 31
for indentation via the Sapphire sphere. While similar repeatability is observed for both indenters, the second load level
for the 440c sphere measurements (Fig. 30(b)) exhibits an inflection in the compliance measurement around 75 nm. This
inflection is not observed in the Sapphire sphere indentations, and is most likely due to thermal drift.
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Fig. 31. Compliance measurements of Phosphor Bronze indented by the Sapphire sphere for peak loads of (a) 25 mN, (b) 100 mN, (c) 250
mN, (d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
A second issue is that the highest peak force tests exhibit thermal drift issues near the peak force for several of the tests
by both indenters. This is evidenced by the negative curvature in the loading curves.
4.2.7 Stainless Steel 304
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Fig. 32. Compliance measurements of Stainless Steel 304 indented by the 440c Grade 100 Wear Resistant Stainless Steel sphere for peak
loads of (a) 25 mN, (b) 100 mN, (c) 250 mN, (d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
The compliance measurements for the SS304 samples are shown in Fig. 32 for indentation via the 440c sphere, and
Fig. 33 for indentation via the Sapphire sphere. Similar repeatability is observed for both indenters.
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Fig. 33. Compliance measurements of Stainless Steel 304 indented by the Sapphire sphere for peak loads of (a) 25 mN, (b) 100 mN, (c)
250 mN, (d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
4.2.8 Titanium
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Fig. 34. Compliance measurements of Titanium indented by the 440c Grade 100 Wear Resistant Stainless Steel sphere for peak loads of
(a) 25 mN, (b) 100 mN, (c) 250 mN, (d) 1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
The compliance measurements for the Ti samples are shown in Fig. 34 for indentation via the 440c sphere, and Fig. 35
for indentation via the Sapphire sphere. Like for the SS304 samples, similar repeatability is observed for both indenters.
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Fig. 35. Compliance measurements of Titanium indented by the Sapphire sphere for peak loads of (a) 25 mN, (b) 100 mN, (c) 250 mN, (d)
1 N, (e) 5 N, and (f) 10 N. Each load has nine separate measurements.
4.3 Discussion of Compliance Measurements
The compliance data were recorded with sub-nm displacement resolution and sub-mN force resolution. These high
resolution measurements allow for the study of the material response from the elastic to plastic regime. As is evidenced in
Figs. 20 to 35, the transition from elastic behavior to plastic behavior is clearly observable. Data sets with resolution to image
the transition from elasticity to plasticity are scarce due to the transition initiating between 2 nm (for AnCu indented by the
Sapphire sphere) to 124 nm (for N60 indented by the 440c sphere). The behavior within the elastic regime for metals is well
understood, thus the prediction of the inception of plastic behavior is fairly consistent across multiple contact models. Table
5 displays the penetration depth at which the plastic response of the materials initiates, and is based on Hertzian contact
theory [33, 34] and the von Mises yeild criterion used in [6, 34, 35]. Note that the values reported in Table 5 are for the
inception of yield, which first occurs beneath the surface of the material and is not observable in the compliance data. Once
the plastic regime is well-developed, hysteresis is observable in the compliance measurements (i.e. the visible difference
between the loading and unloading curves in Figs. 20 to 35).
Material 440c (nm) Sapphire (nm)
6061 Aluminum 38.23 29.96
Annealed Copper 2.776 2.016
Copper 7.370 5.203
Hiperco 33.20 19.76
Nitronic 60 123.7 80.06
Phosphor Bronze 23.24 16.76
Stainless Steel 304 96.88 61.23
Titanium 36.43 25.74
Table 5. Predictions of the displacement at which plastic behavior initiates for indentation for both the 440c Grade 100 Wear Resistant
Stainless Steel sphere and the Sapphire sphere in the experimental setup of §4 based on the models of [6,34,35].
One immediate observation from the comparison of Table 5 to the results of Figs. 20 to 35 is that the predictions for the
onset of yield occur for the lowest peak load (i.e. 25 mN) in all materials except N60 and SS304, which have incipient yield
between 100 mN and 250 mN. This further highlights the importance of high resolution data at low loads. These predictions
are in agreement with the experimental observations, as the hysteresis due to the formation of a plastic zone is not evident
until higher peak loads.
5 Conclusions
In this research, eight different materials that are commonly found in aerospace applications were studied. The mechan-
ical properties of each material were characterized, the dissipative properties were measured (in terms of the coefficient of
restitution), and the compliance relationships were measured via a micro- and a nano-indentation machine. These two phe-
nomenologically different measurements of contact, coefficient of restitution measurements and compliance measurements,
provide both indirect and direct validation metrics. As it is possible (and common) for contact models to agree with one set
of metrics but not another, both are needed for the model validation process.
To characterize the dissipative properties of the materials, a pendulum test stand was developed. In this test stand, a
440c Grade 100 Wear Resistant Stainless Steel was used to impact each of the samples. Through the use of digital image
correlation, the motion of the sphere is recorded with sub-µm resolution in space and sub-ms resolution in time, allowing
for accurate measurements of the coefficient of restituion across an impact event. Additionally, through the use of a circuit
closed during contact between the sphere and test specimen, the contact durations for each impact were recorded with micro-
second accuracy. The pairing of both contact duration and dissipative properties is paramount for model validation as impact
is not an instantaneous event (as the coefficient of restitution model assumes). These two sets of information allow for a
more complete understanding of the impact processes.
The compliance relationships for each specimen was measured using two different indenters, a 440c Grade 100 Wear
Resistant Stainless Steel sphere and a Sapphire sphere. Additionally, two different indentation machines were used, a micro-
indentation machine and a nano-indentation machine, each of which is able to span a different range of peak forces spanning
25 mN to 10 N peak loads in the reported experiments. Predictions from widely used contact theories indicate that for six of
the eight materials tested, the inception of yield occurs near 25 mN, which indicates the importance of having high resolution
data for low contact forces in order to validate models that span the transition from elastic to plastic behavior.
It is the hope of the authors that this set of data can serve as a complete body of work for the formulation and validation of
contact models. Combining the extensive material characterization with two phenomenologically different measures of im-
pact (coefficients of restitution and compliance measurements) provides an opportunity to test and challenge hypotheses for
the mechanics of contact. Consequently, all data is freely available from the corresponding author for future investigations.
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